Current models suggest that genomic instability is crucial in the accumulation of the multiple alterations required for tumorigenesis. However, the nature of the initial damage responsible for the origin of genomic instability remains poorly understood. In this investigation we demonstrate that the nucleotide analog 2,6-diaminopurine (DAP) can be used to induce highly focused damage to the large blocks of paracentromeric heterochromatin on chromosomes 1, 9 and 16. A large fraction of cells exposed to DAP exhibit undercondensation of a and classical heterochromatin which persists into metaphase. Subsequent chromosome breakage was observed for one of the target chromosomes by preferential exclusion of chromosome 16 fragments into micronuclei (P < 0.0001). The specificity of DAP-induced chromosomal breakage enabled us to utilize it as a reagent to demonstrate that paracentromeric heterochromatin is a sensitive target for the induction of persistent genomic instability. We observed a 100-fold increase in mutagenesis affecting a chromosome 16 marker (APRT) compared with marker loci on chromosomes 17 (TK) or X {HPRT). We previously reported that APRT" mutants were recovered at a high rate upon selection in DAP in a process involving recombinationally mediated loss of heterozygosity that extends from the telomere to the boundary region of the paracentromeric heterochromatin. Karyotypic analysis of DAP-resistant APRT" mutant clones demonstrated extensive genomic instability, particularly evidence of multiple and sequential events affecting chromosome 16. These data suggest that the heterochromatic breakage observed cytogenetically immediately following DAP exposure is also responsible for the initiation of persistent genomic instability.
Introduction
Carcinogenesis is a multistep process involving large and small scale genetic alterations affecting numerous tumor suppressor and oncogene loci (Fearon and Vogelstein, 1990) . These alterations include loss of heterozygosity (LOH), gene amplification and intragenic point mutations, as well as a variety of chromosomal scale events, such as deletions, translocations and aneuploidy (Kallioneimi et al, 1992) . Current models suggest that genomic instability is crucial in the accumulation of the multiple alterations required for the emergence of a malignant tumor (Loeb, 1991) . Recent studies have shown that a large fraction of cells exposed to ionizing radiation exhibit some manifestation of genetic instability, even after low dose exposure (Kennedy et al., 1984; Stamato et al., 1987; Kadhim et al, 1992; Grosovsky et al, 1996) . These results suggest the existence of a persistent cellular response activated by carcinogen exposure, rather than a mutation in a specific gene or family of genes. While the significance of instability in tumorigenesis is increasingly apparent and the extent and diversity of rearrangements are easily demonstrated, the initial damage responsible for the origin of genetic instability remains poorly understood.
Chromosomes 1, 9 and 16 are characterized by large paracentromeric blocks of constitutive heterochromatin. These regions have been found to be chromosomal breakage hotspots following in vitro exposure to a wide variety of agents and also exhibit elevated frequencies of chromosomal breakage in human populations (Bourgeois, 1974; Ayme et al, 1976; Buckton, 1976; Viegas-Pequinot and Dutrillaux, 1976; Meyne et al, 1979; Antequera et al, 1989) . Previously, we reported that APRT" mutants can be recovered from TK6 cells at an observable rate (1.2X10-9 ) in a two-step process involving a conventional point mutation in one allele, followed by high frequency LOH affecting the opposite allele (Smith and Grosovsky, 1993a) . LOH uniformly mapped to the boundary of the subcentromeric heterochromatic region at 16ql2. The observations of LOH in APRT" mutants resembled patterns in breast and prostate cancer, in which LOH on chromosome 16q often involves loss from the telomere to the subcentromeric heterochromatic region (Isaacs and Carter, 1991; Cher et al., 1994; Cleton-Jansen et al, 1994; Tsuda et al, 1994; DorionBonnet et al., 1995) . We postulated that a high frequency DAP-induced breakage event in the subcentromeric heterochromatin of chromosome 16 could account for the mutagenesis at APRT and the highly uniform pattern of LOH occurring in each mutant (Smith and Grosovsky, 1993a,b) . Similar events could occur spontaneously in unexposed cells at a relatively low rate and account for the LOH pattern in tumors.
Our initial objective in this investigation was to determine if DAP exposure during selection for APRT" mutants resulted in targeted damage to heterochromatin on 16q. Furthermore, we expected to observe similar DAP-induced effects on chromosomes 1 and 9. The results demonstrate that DAP can be used to induce highly focused damage to a and classical heterochromatin regions on chromosomes 1, 9 and 16. This specificity enabled us to use DAP as a reagent to test two specific hypotheses (Grosovsky et al., 1996) about the origins of genomic instability: (i) that paracentromeric regions are sensitive targets for damage leading to persistent instability; (ii) that chromosomal rearrangements attributable to instability preferentially occur near previous sites of breakage, resulting in complex chromosomal abnormalities.
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phenylindole (DAPI), 8-azaadenine (AA), cytidine, thymidine, aminopterin, hypoxanthine, 2,6-diaminopurine (DAP), 6-thioguanine (6-TG), trifluorothymidine (TFT), 5-azacytidine (5-AC) and cytochalasin B were purchased from Sigma (St Louis, MO). RPMI 1640, L-glutamine and penicillin/streptomycin were purchased from Mediatech (Washington, DC). Biotinylated probes for chromosome 16 (a-satellite and whole chromosome painting) were purchased from Oncor (Gaithersburg, PA). FluoroGreen-labeled pancentromeric probes, Cy3-labeled chromosome-specific classical satellite probes and digoxigenin-labeled chromosome specific a-satellite probes were generated as described previously (Hasegawa era/., 1995; . Fluoresceinlabeled avidin and biotinylated anti-avidin IgG were purchased from Vector Laboratories (Burlingame, CA). Digoxigenin-labeled goat ana-mouse IgG and mouse anti-digoxigenin IgG were purchased from Boehringer Mannheim (Indianapolis, IN). Texas Red anti-mouse IgG was purchased from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA).
Cell culture conditions and mutation frequency determinations
The human B lymphoblastoid cell line TK6 (Skopek et al., 1978 ) was maintained as previously described (Smith and Grosovsky, 1993a,b) . For selection of APRT" mutants, cells were seeded into 96-well plates at a density of 4X10 4 cells/well in medium containing 20 Ug/ml DAP or 50 |ig/ml AA and plates were scored after 2 weeks. Luria-Delbruck measurements of mutation rate upon selection in DAP were previously reported (Smith and Grosovsky, 1993a) . Experiments to determine the mutation rate for the diploid APRT locus, expected to be of the order of 10" 12 -10" 13 mutants/cell/generation upon selection in AA, were impractical. Pooled mutation frequencies were determined by screening large numbers of cells in multiple experiments. Population mutation frequencies and 95% confidence intervals were calculated according to Furth et al. (1981) .
Prior to DAP dose-response experiments, pre-existing TK" and HPRT" mutants were eliminated by CHAT treatment (10 uM deoxycytidine, 200 nM hypoxanthine, 0.1 (iM aminopterin and 17.5 uM thymidine) according to established protocols (Liber and Thilly, 1982) . Culture density was adjusted to 4X10 5 cells/ml for 24 h exposure to various doses of DAP (0, 7 and 10 |ig/ml). A surviving fraction of 0.03 was determined for TK6 cells exposed to 10 Hg/ml DAP for 24 h. At the completion of DAP exposure, the cells were centrifuged, washed with phosphate-buffered saline and then resuspended in normal medium. Treated cultures were maintained for a 5-7 day phenotypic expression period and then seeded into 96-well plates for determination of mutant fractions at APRT, TK and HPRT. Cells were plated at a density of 4X10 4 cells/well for selection at all three loci. The medium was supplemented with 2 ug/ml TFT for selection of TK" mutants (Liber and Thilly, 1982) or 5 Ug/rnl 6-TG for selection of HPRT" mutants (Grosovsky et al., 1996) . APRT" mutants were selected in both DAP and AA. Cloning efficiency was determined by seeding 2 cells/well in nonselective medium. Mutants were scored 12-14 days after plating.
Tandem label FISH analysis of DAP-treated interphase cells
Tandem label FISH analysis was based on previously described protocols . Intact interphase cells labeled with a-satellite 16 and classical satellite 16 probes were visualized using a Nikon microscope with fluorescence attachment at 1250X magnification and an Omega (Brattleboro, VT) FTTC/DAPI/Texas Red triple band-pass filter (excitation at 375-395, 470-500 and 560-590 nm, emission at 445-470, 515-555 and 610-660 nm respectively). Interphase cells from randomized, coded slides were photographed with Ektachrome 400 slide film (Kodak). Photographic slides were projected and the a-and classical satellite regions were measured. The size of each region was normalized to the diameter of each nucleus. Determination of the fraction of DAP-exposed cells with undercondensed heterochromatin was based on measurement of a-or classical satellite regions which were larger than 1 SD of the average normalized size of control nuclei.
Preparation and analysis of metaphase chromosomes TK6 cells were treated for 8 h with 0 and 7 Hg/ml DAP. Parallel cultures were treated with 5 Ug/ml 5-AC as a positive control. Two and a half hours prior to harvest, 50 ng/ml colcemid were added to the cultures. For harvest, cells were centrifuged at 1000 r.p.m. for 10 min and then treated for 15 min in 0.075 M KC1 at 37°C, fixed three times in -20°C Caraoy's solution (methanol:acetic acid, 3:1) and dropped onto clean slides. Detection of undercondensation of heterochromatin in metaphase chromosomes of DAPor 5-AC-treated cells was accomplished by Giemsa staining (Schmid et al., 1984) . One hundred cells/slide were scored for the presence of undercondensed metaphase chromosomes. Initial identification of the affected chromosome was based on size classification. Following initial identification by size classification, slides were destained and conventional G banding analysis was performed to confirm me identity of the affected chromosomes. G Banding analysis of DAP-resistant mutant clones was performed as previously reported (Grosovsky et al., 1996) . 'Mutation frequency was estimated by assuming that one colony had been present. The frequency determined is an overestimate of the actual value, indicated by use of the < symbol. h 95% confidence interval is 1.60-3.02 X 10"
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FISH/micronucleus assay
Cells were treated for 24 h with various doses of DAP in the presence of cytochalasin B (3 Ug/ml 0.1 % dimethylsulfoxide). Treated cells were harvested, fixed and stored according to established protocols (Eastmond and Tucker, 1989) . For identification of micronuclei containing all or part of chromosome 16, a 20 ul hybridization cocktail was used containing 20 ng each of a FluoroGreen-labeled human pancentromeric probe and CY3-labeled classical satellite 16 probe in 55% formamide, 10% dextran sulfate, with 1 |ig sheared herring sperm DNA (Trask and Pinkel, 1990) . The slides were heated on a slide warmer at 80°C for 3 min to denature probe and target DNA and then incubated overnight in a humidified chamber at 37°C. Post-hybridization steps consisted of three washes in 50% formamide, 2X SSC at 45°C for 5 min and a single wash in 2X SSC at 45°C for 5 min. The slides were counterstained with DAPI and stored in the dark at 4°C. Micronuclei were identified using a UV filter (Nikon UV-1A, excitation at 360-370 nm, emission at 400 nm). The presence or absence of FluoroGreen and CY3-labeled probes was determined using an Omega triple band-pass filter and a Nikon (Melville, NY) blue filter (excitation at 475-495 nm, emission at 520 nm). One thousand cells/treatment were scored.
Results

Influence of selection agent on mutation frequency at APRT
In order to investigate whether DAP was responsible for the high rate and frequency of mutation at the APRT locus in TK6 cells (Smith and Grosovsky, 1993a,b; Amundson et al., 1992) , the frequency of recovery of APRT" mutants upon selection in DAP was compared with parallel selection using the alternative agent AA (Table I ). The mutation frequency observed when DAP was employed as the selective agent was 2.20xl0~7, which is comparable with previously reported mutation frequencies and rates (Klinedinst and Drinkwater, 1991; Amundson et al., 1992; Fujimori et al., 1992; Smith and Grosovsky, 1993a) . The data shown here were pooled from seven independent experiments in which a total of 1.90X10 8 viable cells were screened. No APRT" mutants were ever recovered by selection in AA. An upper limit for the frequency of APRT" mutants upon selection in AA (<3.16X lOr 9 ; Table I ) was estimated assuming that one colony had been observed. The recovery of APRT" mutants in AA, therefore, was at least two orders of magnitude lower than parallel experiments using DAP. The differences in mutation frequency were not attributable to differences in stringency of the selective agents, since mutants selected in AA or DAP are fully cross-resistant (data not shown). These results also cannot be attributed to differentia] enrichment of pre-existing APRT"^ mutants in the population by the two selective agents. Although large bulk populations of TK6 cells were screened (2-3 X10 8 cells; Table I ), the low frequency of APRT^" mutants (<3.16X10" 9 ) indicates that no pre-existing mutants would be expected to be present.
Tandem label analysis of heterochromatin in interphase cells following exposure to DAP
Because the LOH induced by selection in DAP mapped to the heterochromatin-euchromatin border at 16ql2 (Smith and Grosovsky, 1993b) , the effect of DAP on heterochromatin of interphase cells was analyzed by tandem hybridization with fluorescent probes for the a-and classical satellite regions of chromosomes 1, 9 and 16. In control cells, the a-and classical satellite regions remain compact and appear as a discreet yellow signal ( Figure 1A ). Breakage can be visualized by the appearance of separate green and red fluorescent signals A.
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•,% representing a-and classical satellite DNA respectively . In DAP-exposed cells, however, the a-and classical satellites are undercondensed ( Figure IB ) and in extreme cases the heterochromatin appears as threads of chromatin spread throughout much of the interphase nucleus. Table II summarizes the undercondensation observed on chromosomes 1 and 16 in DAP-treated cells. Undercondensation of chromosome 9 heterochromatin was also observed, but rigorous quantification was confounded by the presence of a size polymorphism within classical satellite DNA of TK6 cells. Undercondensation of heterochromatin in control cells (Table II) may reflect the fraction of the cell population replicating heterochromatin at the time the cells were harvested. Exposure to DAP, however, resulted in a highly significant (P < 0.0001) increase in undercondensation of a-and classical regions on both chromosomes 1 and 16 (Table II) .
Persistence of DAP-induced undercondensation in metaphase
Undercondensation of heterochromatin was also observed in metaphase chromosomes after DAP treatment (Figure 2 and Table HI) . Representative examples of undercondensed heteroochromatin on chromosome 16 following an 8 h DAP exposure are shown in Figure 2 . The effect of DAP on metaphase chromosomes was compared with 5-AC, which has been previously reported to induce undercondensation of heterochromatin (Viegas-Pequinot and Dutrillaux, 1976; Schmid et al, 1984; Kokalj-Vokac et al, 1993) . In untreated TK6 cells, undercondensation was found only on chromosome 16; a total of five undercondensed chromosomes were observed on examination of 100 metaphase preparations (Table HI) . Exposure to either 5-AC or DAP, however, resulted in a statistically significant increase in undercondensation on chromosomes 1, 9 and 16 (Table HI) . DAP treatment was most effective in inducing undercondensation on chromosome 16 (64% of all induced undercondensation) and significantly less effective in inducing undercondensation on chromosomes 1 and 9 (Table EH) . The total amount of undercondensation induced by 5-AC was comparable with DAP, however, the L.E.Smith et al.
•Bible m. chromosomal specificity was significantly different. 5-AC induced a similar amount of undercondensation on chromosomes 1 and 16 and was significantly less effective in inducing undercondensation on chromosome 9 (Table HI) . Undercondensation was not observed in any of the experimental groups on chromosomes other than 1, 9 or 16 (Table IH) .
Preferential exclusion of chromosome 16 into DAP-induced micronuclei
To determine whether DAP-induced undercondensation ultimately resulted in fragmentation of chromosome 16, micronuclei were co-hybridized with pancentromeric and chromosome 16-specific classical satellite probes. Representative micronuclei are shown in Figure 3 and data following exposure of TK6 cells to DAP are summarized in Figure 4 . DAP exposure resulted in the exclusion of chromosome 16 classical satellite DNA significantly more frequently (P < 0.001) than would be expected if chromosome 16 was excluded into micronuclei randomly. Micronuclei which hybridized to both the centromere and classical satellite probes were induced most effectively by DAP (Figure 4) , suggesting that an entire chromosome 16 had been excluded. These micronuclei, however, might alternatively represent a fragment of chromosome 16 resulting from breakage within centromeric DNA. Preliminary data using tandem label FISH analysis of DAPinduced micronuclei with a-satellite DNA and chromosome 16 painting probes supports this hypothesis (unpublished observations).
Chromosomal specificity of mutants induced by DAP exposure
Mutation frequencies were determined at the APRT, TK and HPRT loci after a 24 h exposure to various doses of DAP (Table IV) . Following exposure to 10 (ig/ml DAP, APRT" mutants could be recovered in selection medium containing AA (Table IV) . The increase over untreated controls was at least one order of magnitude (Table IV) , but cannot be precisely determined, since AA R mutants were never recovered without prior DAP exposure (Table I) . However, if DAP-treated cells were subsequently seeded for mutant clone formation in medium containing DAP, the observed APRT" mutant fraction was 440-fold higher than untreated controls and 18-fold higher than the parallel selection in AA (Table IV) . These observations indicate that in addition to mutants induced by the initial 24 h exposure, DAP continued to induce mutants during the selection period. In contrast, mutant fractions at the TK locus on chromosome 17 and the X-linked HPRT locus exhibited moderate increases of 3-to 6-fold (Table IV ). These data demonstrate that, as predicted by chromosomal breakage analyses (Table II and Figures 1, 3 and 4) , the mutagenic 438 effect of DAP is highly specific for chromosome 16. The mutagenicity of DAP may account for elevated mutation frequencies when DAP is employed as a selection agent for APRT" mutants (Hakoda et al, 1990; Klinedinst and Drinkwater, 1991; Amundson et al., 1992; Fujimori et al., 1992; Smith and Grosovsky, 1993a,b; Zhu et al., 1993) and suggest that AA is a better choice for quantitative study of mutagenesis at APRT.
Genetic instability in DAP
R mutant clones In order to characterize the type of karyotypic alterations induced by DAP, conventional G banding analysis was performed on a set of DAP R mutants which had been previously analyzed by FISH using a chromosome 16 painting probe (Smith and Grosovsky, 1993b) . Four clones (ASH, 14, 17 and 23) had been previously identified as having a translocation affecting chromosome 16; one clone (AS22) which had no karyotypic abnormality observable by FISH was also included in the G banding analysis. Parental TK6 cells demonstrated a stable karyotype similar to that previously reported (Yandell and Little, 1986; Grosovsky et al., 1996) , with the exception of a translocation [t(X;22) (q21.2;ql3.2); Table V ] which was scored as a parental abnormality. Individual occurrences of aneuploidy in a single metaphase were regarded as an artifact.
Genetic instability was observed in all DAP R mutant clones as clonal karyotypic heterogeneity, in which distinct chromosomal rearrangements were identified in two or more metaphases (Table V) -Multiple rearrangements involving chromosome 16q fragments were observed in three of the clones (ASH, 14 and 17; Table V). In AS 11, for example, the q arm of chromosome 16 was translocated onto chromosomes 6,9,3, 14 and 1. In AS 14 multiple fragments of 16q were observed, along with a 16q deletion and a 16q translocation onto the parental t(X;22) translocation. Complex structural rearrangements of chromosome 16 or derivative chromosomes consisting of cytogenetically recognizable portions of chromosome 16 were commonly observed. The prevalence of complex chromosomal aberrations in DAP R clones suggests that rearrangements occur sequentially and preferentially near the site of a previous chromosomal rearrangement. Rearrangements involving chromosomes 1 and 9 were identified in two clones each, including the detection of an iso(9q) ( Table V) . These results suggest that persistent genomic instability induced by DAP occurs predominantly on chromosomes which are preferential targets for initial breakage. Discussion Genomic instability, characterized by the appearance of multiple karyotypic alterations, may be crucial for the accumu- lation of multiple alterations in tumor cells. While the types of genetic changes occurring during tumor progression are well documented (Kallioneimi et al., 1992) , the initial event responsible for instability is poorly understood. Using a variety of approaches to analyze chromosomal breakage, mutations and LOH (Smith and Grosovsky, 1993b) , we have demonstrated that DAP causes highly targeted breakage within the large blocks of paracentromeric heterochromatin on chromosomes 1, 9 and 16. Karyotypic analysis of DAP* mutant clones indicates that genomic instability may originate from these targeted breakage events on chromosome 16.
The initial event leading to chromosome breakage appears to be DAP-induced undercondensation of paracentromeric heterochromatin on chromosomes 1, 9 and 16 ( Figure 1 and Table II ). Undercondensation was observed for both a-and classical satellite sequences in interphase nuclei and affected a large fraction (0.37-0.74) of chromosomes 1 and 16 in exposed cells (Table II) . Undercondensation persisted into utagenesis induced by DAP was investigated by exposing TK6 cells to various concentrations as indicated for 24 h. Following an appropriate phenotypic expression period, cells were plated for selection of mutants at three marker loci. At aprt, parallel selections were performed comparing the alternate selective agents DAP and 8-AA. A representative experiment is shown.
•"Marker locus/selective agent metaphase ( Figure 2 and Table HI), resulting in a statistically significant effect on all three target chromosomes, with the largest effect on chromosome 16. Although the mechanism of breakage in undercondensed regions remains undetermined, it may result from torsional strain generated by movement of the chromatids toward opposite poles during anaphase. The acentric fragments expected from such breakage events were observed as preferential exclusion of chromosome 16 fragments into micronuclei (Figures 3 and 4) . Parallel experiments were not performed for chromosomes 1 and 9, but chromosome 16-negative micronuclei induced by DAP (Figures 3 and 4 ) may largely be due to similar types of breakage events on those chromosomes. The mutagenic effect of DAP is correspondingly specific for chromosome 16 when compared with chromosomes 17 and X, which lack large blocks of heterochromatin (Table  IV) .
The nucleotide analog 5-AC also induces undercondensation of classical satellite sequences on chromosomes 1, 9 and 16 in human cells (Viegas-Pequinot and Dutrillaux, 1976; Schmid et al, 1984; Kokalj-Vokac et al., 1993 ; see also Table HI) . 5-AC exposure results in hypomethylation, and constitutive 440 hypomethylation of classical satellite DNA is characteristic of peripheral blood lymphocytes from ICF patients, a disease associated with instability of heterochromatin of chromosomes 1, 9 and 16 (Miniou et al, 1994; Schuffenhauer et al., 1995) . Preliminary results indicate that DAP exposure may also result in some DNA hypomethylation (Smith and Grosovsky, unpublished results) , however, the patterns of undercondensation induced by 5-AC and DAP are significantly different (Table III) , suggesting some mechanistic divergence. Furthermore, DAP is capable of undercondensation of resequences ( Figure 1 and Table II) , although 5-AC has been reported not to induce undercondensation of a-satellite DNA (Kokalj-Vokac et al., 1993; Fernandez et al., 1994) .
The specificity of DAP-induced chromosomal breakage enabled us to utilize it as a reagent to test the hypothesis that paracentromeric heterochromatin is a sensitive target for the induction of persistent genomic instability (Grosovsky et al., 1996) . We previously demonstrated, using chromosomal painting analysis, that 4/20 DAP R APRT" mutants (Hasegawa et al, 1995) contained translations affecting chromosome 16. G Banding, performed after many additional cell generations ( Table V) , revealed that these mutants exhibited extensive chromosomal instability which was not evident earlier using chromosome 16 painting probes. Sequential rearrangements leading to a progressively abnormal chromosome have been reported to be frequent events in radiation-induced instability (Kano and Little, 1985; Marder and Morgan, 1993; Grosovsky et al, 1996) and the observation of complex rearrangements in clonal analysis has also been postulated to reflect this sequential process (Kadhim et al., 1995; Grosovsky et al, 1996) . The evidence presented here for clonal karyotypic heterogeneity, particularly evidence of sequential events affecting chromosome 16 ( Table V) , suggests that DAPinduced instability is also a progressive process. The observation of genetic instability centered on chromosome 16 in DAP R mutant clones (Table V) , specifically multiple translations involving 16q and 16q fragments, suggests that there is a direct correspondence between the initial damage induced by DAP and the chromosomal fragmentation involved in perpetuation of genomic instability. We propose that the effectiveness of DAP in inducing instability is due to the targeted placement of the damage within centromeric or paracentromeric heterochromatin and the physical structure of the breakage sites. Recent studies employing ionizing radiation have suggested that double-strand breaks (DSBs) may be involved in the origins of genomic instability (Kadhim et al, 1992; Wojcik et al, 1996) . The capacity of DSBs to induce genomic instability has been tested using electroporated restriction enzymes (Morgan et al., 1996; Wojcik et al., 1996) , which failed to produce chromosomally unstable clones. We hypothesize that DAP-induced chromosomal fragmentation (Figures 3 and 4) may result from shearing of undercondensed chromatin as physical force is applied to move the chromosomes during anaphase. This may more closely resemble breakage induced by ionizing radiation exposure, rather than the precisely defined breakage catalyzed by restriction enzymes. Furthermore, the difference in the capacity of restriction enzyme-and DAP-induced damage to result in genomic instability may reflect the scarcity of restriction enzyme recognition sites within repetitive heterochromatin sequences.
Additional evidence indicates a preference for breakage at heterochromatic sequences in the perpetuation as well as the initiation of chromosomal instability. For example, telomere repeat sequences were observed to be involved in radiationinduced complex chromosomal rearrangements occurring in genetically unstable clones of a hamster-human hybrid system (Day et al., 1993) . Furthermore, recent work from our laboratory demonstrated that persistent radiation-induced instability in TK6 cells involves a preference for rearrangements occurring at or near the centromere (Grosovsky et al., 1996) . Based on these studies and data presented here, we postulate that persistent chromosomal instability may be attributable to an elevated incidence of breakage within heterochromatic sequences at chromosomal rearrangement junction regions. This model could account for the prevalence of complex chromosomal rearrangements in persistent chromosomal instability induced by DAP (Table V) or by ionizing radiation (Marder and Morgan, 1993; Grosovsky et al, 1996; Wojcik et al, 1996) .
In conclusion, we have demonstrated that DAP causes persistent undercondensation of large subcentromeric blocks of heterochromatin on chromosomes 1, 9 and 16. Associated chromosomal fragmentation was shown to occur on chromo-some 16 with specific breakage events observed in classical satellite regions. DAP-induced breakage accounts for the previously reported high frequency LOH originating within heterochromatin and the significantly increased mutation rate at the 16q marker APRT (Smith and Grosovsky, 1993a,b) . DAP R mutants have been shown to exhibit significant genetic instability affecting chromosome 16 many generations after initial isolation. The congruence of DAP-induced chromosomal fragmentation and genetic instability affecting chromosome 16q suggests that breakage within large blocks of paracentromeric heterochromatin may be one type of initiating damage capable of inducing persistent genomic instability.
